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We present the study of the massless dark photon (y) in the Kg — 7y decay at the J-PARC KOTO
experiment. Distinguished from the massive dark photon, the massless one does not directly
mix with the ordinary photon but could interact with Standard Model (SM) particles through
direct coupling to quarks. Some theoretical models propose that the branching ratio (8R) of the
Kg — y¥ decay could reach up to O(1073), which is well within the KOTO’s sensitivity for this
study. Although the challenge is posed by the lack of kinematic constraints, the KOTO hermetic
veto system provides a unique opportunity to probe for such decay. In this presentation, we will
present the open-box result of the Kg — v search based on the data collected in 2020.
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Figure 1: Cross-sectional view of the KOTO detector. The Csl calorimeter is labeled in red. The detector
labeled in blue (green) is the photon (charged particle) veto counter.

1. Introduction

Dark matter comprises 26.4% of the universe’s matter, yet its nature remains largely unexplored.
One candidate within the dark sector is the dark photon. In this study, we focus on the massless dark
photon (y), which, unlike the massive variant, does not directly couple to Standard Model particles
[1]. As a result, the massless dark photon cannot be directly detected, and only a few experiments
have searched for it.

Theoretical calculations predict the possible existence of massless dark photons in Kaon decays
[2]. Specifically, the Kl(i — v decay, a neutral Kaon decay model, could be observed in the KOTO
experiment. The predicted branching ratio for this decay is BR(KY — y¥) < 1 x 1073, which is
within the sensitivity of the KOTO experiment.

For this study, a special 2-hour physics run with a single cluster trigger was conducted in 2020,
corresponding to a total of 1.29 x 10'0 K.

2. KOTO Detector

The KOTO experiment, located at the Japan Proton Accelerator Research Complex (J-PARC)
Hadron Experimental Facility (HEF) in Tokai, Japan, is designed to search for rare long-lived Kaon
decays, specifically Kg — n%v¥. To detect the missing energy from neutrino pairs, the experiment
employs a hermetic veto system, which is also effective in the search for massless dark photons.

Figure 1 shows a cross-sectional view of the KOTO detector. The Kg beam enters and decays
within an evacuated volume maintained at 5 X 107> Pa. The main electromagnetic calorimeter,
composed of 2716 undoped cesium iodide (CsI) crystals, is positioned perpendicular to the beamline.
Surrounding the decay volume are multiple veto counters that form the hermetic veto system.

3. Experimental Method

The goal of this Kg — y¥ analysis is to estimate the branching ratio. In the Kg — vy decay,
the final state consists of a photon and an undetectable massless dark photon. The signal signature
is a single photon hit on the CslI calorimeter with no in-time hits on other detectors. Since the single
photon only provides energy and position data, the analysis is challenged by the lack of additional
kinematic constraints.
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Figure 2: E, — Hxy distributions of scattered Kg — 2y decays with all selection. The red frame indicates
the signal region. The red number indicates the background level in each region.

A blind analysis strategy was used to minimize potential bias. The blind region is defined on
the photon energy and position (E, — Hxy) plane. Given the susceptibility of the single photon
to background mimicry, applying constraints on both the photon energy (E,) and position radius
(Hxy) on the Csl effectively reduces background interference from accidental hits.

The signal region, located within the blind region, is defined as 900 MeV < E,, < 3000 MeV
and 325 mm < Hyy < 850 mm. The area outside the blind region is used as the control region.

4. Background Analysis
Two main background sources exist in the Kg — ¥ analysis: Kg decays and hadronic clusters.

4.1 K) Decay Background

The primary background from Kg decays is the Kg — 27y decay, where one photon may go
undetected due to inefficiency or decay outside the detector. This background is difficult to eliminate
but is mitigated by the hermetic veto system and signal region constraints.

Figure 2 shows the Kg — 2y background distribution. A background level of 1.09 + 0.12 is
estimated in the signal region. Other Kg decay backgrounds are negligible due to the detector’s high
hermeticity and charge veto counter efficiency. A summary of Kg decay background estimations is
provided.

4.2 Neutron Background

The dominant background comes from beam neutrons, which can hit the Csl calorimeter
and mimic the signal event. Standard background rejection methods are ineffective here, making
neutron suppression the most challenging aspect of the analysis. To address this, three techniques
were developed to discriminate neutron clusters from photon clusters:

1. Cluster Shape Discrimination (CSD) via Deep Learning [3]: Neutron clusters are typically
wider and shallower than photon clusters due to differences in shower depth. A neural network
model was developed to quantify these differences, as illustrated in Figure 3.
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Figure 3: Example of the energy shapes of photon cluster from the Monte Carlo simulation and neutron
cluster from data. The color code represents the deposited energy in MeV for each crystal in the cluster. [3]
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Figure 4: Illustration of shower depth means. A MPPC is installed on the upstream side. The time difference
between the photon arriving upstream and downstream (AT = Tysppc — Tppr) is used to measure the depth
of the reaction and distinguish between photon events (up) and neutron events (down).

2. Pulse Shape Discrimination (PSD) with Fourier Transform [3]: Neutron pulses exhibit
longer tails than photon pulses due to differing interactions. By applying a Discrete Fourier
Transform (DFT) to the ADC pulses, neutron-photon differences were identified in the
frequency domain.

3. Shower Depth Measurement using CsI Both-End Readout [4]:The timing difference (AT)
between signals from the front (MPPC) and back (PMT) of the Csl crystal distinguishes
neutron events from photon events, as shown in Figure 4.

A dedicated data-driven sample using a 3 mm aluminum plate target was used to study and
estimate the neutron background. Combining the three techniques, neutron background was reduced
by O(1073) for single clusters with an 83.9% photon acceptance. The estimated neutron background
is11.57 44254 £ 2135y

5. Single event sensitivity

In this study, the Single Event Sensitivity (SES) for Kg — v is determined by the Kg yield in
the data, which is obtained by normalizing to the Kg — 37° mode, denoted as N (Kl(i) in Equation 1.
The signal acceptance is represented by Ag;g.

1
SES = ————— =(2.91+0.05) x 10~* (1)
Asig X N(KL)
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Type Source Background Level
K} decay K} — 2y 1.09 + 0.124747. # 0.05,y;.
K9 — 37° < 0.18 (90% C.L.)
K) — 2x° < 0.51 (90% C.L.)
Kl(i — ntety, < 0.27 (90% C.L.)
K) — ntuv, < 0.25 (90% C.L.)
K - ntn a0 <0.17 (90% C.L.)
Neutron 11.57 £ 4.42514¢. £ 2135y,

Total (exclude sources without central value)

12.66 +4.42, 4 + 2,135y,

Table 1: Background Level predicted for each source inside the signal region

The branching ratio (8R) is then derived using the SES and the observed number of signal

events (Ny;g) in the signal region.

6. Results

After the full analysis and opening of the blinded region, 13 events were observed inside
the signal region as shown in Figure 5, which agrees with the expected number of events. The
Feldman-Cousins method was used to estimate the upper limit. With a SES of (2.91 + 0.05,,,. =
0.305y57.) X 1078, a preliminary upper limit on the branching ratio of Kg — vy at 90% C.L. was
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Figure 5: E,- Hxy distribution of physics data after open the blind box. The black (red) number is the
observed (expected) number of events.
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7. Summary and Future Prospects

We performed the first search for a massless dark photon in K 2 — vy atthe KOTO experiment.
The Kg — ¥ analysis is based on a 2-hour special run taken in 2020. The total number of Kg decays
is 1.29%10'°, which was estimated using the Kg — 37% decay. 13 events were observed in the signal
region, consistent with the expected background. With an SES of (2.91£0.05. £0.304ys.) X 1078,
the upper limit of the branching ratio for Kg — y7 is set to be 3.47 x 1077 at 90% C.L.

The next key step in advancing the Kg — y¥ search is to improve the sensitivity of the analysis,
particularly by enhancing neutron background suppression, which remains significant despite three
suppression techniques. Collecting more data is less urgent due to the current high background
levels. Reducing the large statistical uncertainty in neutron background estimation is also critical
for improving the analysis.

We can also study massive dark photons in the same decay mode at different masses, which is
also of interest in the dark sector.
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